Using fluorescent differential display, we identified, from ‫ف‬ 8000 displayed bands, a DNA fragment showing rapid induction in response to red light irradiation. This EARLY-PHYTOCHROME-RESPONSIVE1 gene ( EPR1 ) encodes a novel nucleuslocalized MYB protein harboring a single MYB domain that is highly similar to the circadian oscillator proteins CCA1 and LHY. EPR1 is regulated by both phytochrome A and phytochrome B, and the red-light induction of EPR1 is not inhibited by cycloheximide, demonstrating that EPR1 represents a primary phytochrome-responsive gene. Our results show that EPR1 overexpression results in enhanced far-red light-induced cotyledon opening and delayed flowering. In wild-type Arabidopsis plants grown in continuous light, the EPR1 transcript exhibits circadian rhythmicity similar to that of CCA1 and LHY . Moreover, EPR1 suppresses its own expression, suggesting that this protein is part of a regulatory feedback loop. Constitutive expression of CCA1 and LHY results in the loss of EPR1 rhythmicity, whereas increased levels of EPR1 have no effect on the central oscillator. We propose that EPR1 is a component of a slave oscillator that contributes to the refinement of output pathways, ultimately mediating the correct oscillatory behavior of target genes.
INTRODUCTION
Light is one of the most influential factors regulating various growth and developmental processes during the life cycle of plants. To cope with changes in the light environment, plants make effective use of several different photoreceptors, including phytochrome and cryptochrome. Phytochromes have been characterized extensively and consist of a small gene family of five distinct genes ( PHYA to PHYE ) in Arabidopsis (Sharrock and Quail, 1989; Clack et al., 1994) and three genes in rice (Kay et al., 1989; Dehesh et al., 1991; Tahir et al., 1998) . Each phytochrome member executes specific but overlapping functions in a broad range of light-dependent responses in higher plants (Furuya and Kim, 2000; Fankhauser, 2001) . Phytochrome A (phyA) mediates not only the far-red (FR) light-dependent high irradiance response (Nagatani et al., 1993; Parks and Quail, 1993; Whitelam et al., 1993) but also the photoirreversible, very low fluence response (Shinomura et al., 1996) . By contrast, phytochrome B (phyB) regulates the red (R) light/FR light photoreversible response (Shinomura et al., 1996) in addition to continuous R light effects (Nagatani et al., 1991; Reed et al., 1993) .
In addition to monitoring the light environment, plants also must anticipate light and dark periodic alterations. For this function, plants make use of their endogenous circadian clock to time molecular and physiological responses. Microarray analysis has shown that ‫ف‬ 6% of Arabidopsis genes are controlled by the clock at the transcriptional level (Harmer et al., 2000) , demonstrating the complexity of the process.
There is an intimate relationship between light perception by photoreceptors and the circadian clock (Devlin and Kay, 2001 ). The circadian clock can be divided into three main elements: the input pathway, in which phytochrome and cryptochrome act as input photoreceptors (Somers et al., 1998) , which entrains the clock to the correct phase; a central oscillator, which generates periods of ‫ف‬ 24 h; and the output pathway, which decodes this information into physiological rhythmicity (Young and Kay, 2001) . Several protein components of the circadian central oscillator have been isolated, including TOC1, CCA1, and LHY (Millar et al., 1995; Schaffer et al., 1998; Wang and Tobin, 1998; Alabadi et al., 2001) . CCA1 was identified initially as an early-phytochrome-responsive gene encoding a MYBrelated transcription factor shown to bind to the promoter region of the Lhcb gene and by doing so regulating Lhcb expression (Wang et al., 1997) . CCA1 and its homolog LHY were shown subsequently to be components of the central oscillator, acting redundantly in mediating the circadian rhythmicity of target genes (Schaffer et al., 1998; Wang and Tobin, 1998; Mas et al., 2003) . In contrast to LHY and CCA1, which show peak levels at dawn, TOC1 peaks at dusk and is controlled by LHY and CCA1 by direct binding to the TOC1 promoter (Alabadi et al., 2001) . Conversely, TOC1 has a positive effect on LHY and CCA1 gene expression, contributing to the dawn-induced expression peak. This reciprocal control mechanism forms the basis of the central oscillator. A more direct link between photoperception and circadian gene expression also has been demonstrated, by 1 These authors contributed equally to this work. 2 To whom correspondence should be addressed. E-mail sgm5@ le.ac.uk; fax 44-(0)116-252-3330. Article, publication date, and citation information can be found at www.plantcell.org/cgi/doi/10.1105/tpc.014217. which CCA1 expression itself may be controlled by a direct binding of the PHYTOCHROME-INTERACTING FACTOR3/phytochrome complex to the CCA1 promoter region in a lightdependent manner (Ni et al., 1998 (Ni et al., , 1999 Martinez-Garcia et al., 2000) . Recently, it was shown that the SRR1 gene mediates phyB signaling and is needed for circadian clock function, again emphasizing the close relationship between light perception and the circadian clock (Staiger et al., 2003a) .
The identification of early-phytochrome-responsive genes, such as CCA1 and LHY , is important in dissecting the interaction between light perception and the circadian clock. Although several components of the Arabidopsis central oscillator have been identified, it is likely that the central circadian oscillator comprises several additional levels of regulation to fine-tune output pathways (Carre and Kim, 2002) .
We applied the fluorescent differential display (FDD) technique to screen for early-phytochrome-responsive genes whose expression is altered rapidly after a short R light pulse in etiolated Arabidopsis seedlings. FDD is a highly sensitive mRNA fingerprinting technique that is suitable for detecting rare transcripts in addition to minute variations in transcript levels (Kuno et al., 2000) . Here, we report the isolation and characterization of EPR1 ( EARLY-PHYTOCHROME-RESPONSIVE1 ), which encodes a novel MYB protein that is highly similar to CCA1 and LHY (Wang et al., 1997; Schaffer et al., 1998) . EPR1 regulates its own circadian expression pattern and is influenced by the central oscillator. Our studies suggest that EPR1 is part of a slave oscillator that contributes to and fine-tunes circadian output pathways.
RESULTS

FDD Screening for Early-Phytochrome-Responsive Genes in Etiolated Arabidopsis Seedlings
In an effort to identify early-phytochrome-responsive genes, we performed FDD analysis of Arabidopsis seedlings in response to short exposures of R light. Six-day-old etiolated wild-type seedlings were irradiated with 1 mmol m Ϫ 2 R light for 30 s and then returned to darkness. Total RNA was isolated from these seedlings at 0, 30, and 60 min of dark incubation after R light irradiation, and arbitrary primed PCR-generated cDNA fingerprints were compared by FDD to identify differentially expressed bands. From ‫ف‬ 8000 displayed cDNA bands, we identified several fragments through repeated FDD analysis, and five of these were excised and sequenced (Table 1) . For further analysis, we selected one of these fragments, a 490-bp cDNA fragment ( CB18-490 ) that showed a gradual increase in transcript levels from 0 to 60 min of dark incubation after R light irradiation ( Figure 1A ). The reproducibility of the FDD banding pattern of this candidate band was confirmed by repeated FDD analysis using independently prepared RNA samples (data not shown). The excised CB18-490 FDD fragment was reamplified with the same primer set used for the FDD analysis, and the reamplified products were separated by electrophoresis using an agarose gel containing a base-specific DNA ligand to eliminate nonrelated contaminating cDNAs (Yoshikawa et al., 1998) . The main band was recovered subsequently from the agarose gel, amplified by PCR, and cloned into an appropriate vector. This third-round amplification product also was subjected to direct DNA sequencing to verify that the cloned cDNA molecule represented the target transcript ( CB18-490 ).
To confirm the CB18-490 expression pattern, we used the isolated CB18-490 cDNA fragment as a probe for RNA gel blot analysis. Figure 1B shows that a transcript of ‫ف‬ 1.7 kb was induced rapidly and transiently by R light. CB18-490 showed peak transcript levels at 1 h of dark incubation after R light irradiation, followed by a rapid decline after another 2 h. This rapid and transient induction mimics the situation observed for several circadian clock components, in which light signals are thought to entrain and reset the clock (Devlin, 2002) . These results demonstrate that the isolated CB18-490 FDD clone was the candidate clone representing an early-phytochrome-responsive gene.
CB18-490 Encodes a Novel Single MYB Domain Protein with Similarity to LHY and CCA1
The nucleotide sequence of the isolated CB18-490 FDD clone (497 bp) was analyzed by searching for similarities against the EMBL/GenBank databases using the BLASTN (Basic Local Alignment Search Tool) algorithm (Altschul et al., 1990) . The database search revealed that a 280-bp region at the 5 Ј end of CB18-490 encodes a sequence with 70% similarity to the MYB DNA binding domain of CCA1 and LHY (Schaffer et al., 1998; Wang and Tobin, 1998) , whereas sequences encoded by the remaining 210-bp region exhibited no significant similarity to CCA1 or LHY ( Figure 1C) .
By screening an Arabidopsis cDNA library, we isolated a fulllength cDNA corresponding to the CB18-490 FDD clone (Figure 1C) . Figure 1C shows the nucleotide sequence and the translated amino acid sequence of the longest clone (designated EPR1 ). The EPR1 cDNA represents a 1038-bp open reading frame (chromosome I) encoding a protein of 346 amino acids with a single MYB domain ( Figure 1C ). BLAST searches using the full-length EPR1 protein as the input query revealed that EPR1 has high overall similarity (70% identity) to Arabidopsis CCA1 and LHY (Wang et al., 1997; Schaffer et al., 1998) in the MYB domain region ( Figure 1D ). Further analysis also revealed that two of the three regularly spaced Trp residues, which are characteristic of MYB repeats, are present in the MYB domain of EPR1. At the predicted position of the third Trp residue, an Ala residue is present that is conserved among all three of these Arabidopsis single MYB repeat proteins ( Figure  1D ). Although CCA1 and LHY share extensive regions of similarity outside of their MYB domains, EPR1 shows similarity only to CCA1 and LHY in the MYB domain region. The predicted size of the EPR1 protein (346 amino acids) also is smaller than that of CCA1 (608 amino acids) and LHY (645 amino acids). EPR1 also shows remarkable similarity (87%) to a predicted gene on chromosome III (At3g10113) annotated as having similarity to MYB-related transcription factors. However, the extreme 5 Ј end this gene (55 nucleotides downstream of the predicted start codon) shows no significant similarity to EPR1. This Figure  2A shows that EPR1 transcript levels in wild-type seedlings were approximately threefold higher in response to FR light irradiation (WT/FR60) compared with dark growth (WT/D). Furthermore, there were no significant differences in EPR1 transcript levels between FR light-treated ( phyA /FR60) and dark control ( phyA /D) phyA mutant seedlings, demonstrating that phyA regulates the induction of EPR1 expression by FR light through the very low fluence response.
To examine the effect of other phytochrome members, EPR1 expression analysis was performed on total RNA extracted from etiolated wild-type, phyA , and phyA phyB double mutant Arabidopsis seedlings after various light treatments ( Figure 2B , phyA/ R/F). These results indicate that a type-II phytochrome, possibly phyB, photoreversibly regulates EPR1 expression.
The effect of the protein synthesis inhibitor cycloheximide (CHX) on EPR1 induction was examined to determine whether de novo protein synthesis was necessary for the observed light induction. Six-day-old etiolated wild-type seedlings were treated with CHX at 2 h before R light irradiation followed by semiquantitative reverse transcriptase-mediated PCR analysis ( Figure 2C ). As shown in Figure 2C , the R light induction of EPR1 expression was not inhibited by CHX. This result, in combination with the observed rapid light response, indicates that EPR1 represents a primary phytochrome-responsive gene in Arabidopsis.
EPR1 Shows Constitutive and Uniform Nuclear Localization
The amino acid sequence similarity between EPR1 and other MYB transcription factors, such as CCA1 and LHY, indicated that EPR1 might localize to the nucleus. To test this possibility, we constructed a CaMV35S-EPR1:green fluorescent protein (GFP) fusion cassette followed by transient transfection assays in onion epidermal cells. Epifluorescence microscopy revealed that the EPR1:GFP fusion protein was localized exclusively to nuclei ( Figure 2D ). More detailed studies involving optical sectioning of whole nuclei in planta and three-dimensional render- (A) RNA gel blot analysis confirming the phyA and phyB regulation of EPR1 expression in wild-type and phy mutant seedlings. Total RNA (10 g) from etiolated wild-type Landsberg erecta seedlings (WT) and phyA mutant seedlings that were harvested after 60 min of dark incubation and 10 mmol m Ϫ2 FR light irradiation (FR60). Seedlings kept in total darkness (D) were used as a control. (B) Total RNA (10 g) from wild-type Landsberg erecta seedlings, phyA mutant seedlings, and phyA phyB double mutant seedlings that were exposed to R light (R; 1 mmol m Ϫ2 ), R light followed by FR light (R/FR; 1 mmol m Ϫ2 and 10 mmol m Ϫ2 ), or FR light only (FR; 10 mmol m Ϫ2 ) and then kept in darkness for 60 min. 18S rRNA was included for normalization purposes. (C) Six-day-old etiolated wild-type Landsberg erecta seedlings were treated with 300 M cycloheximide (CHXϩ) or without cycloheximide (CHXϪ) for 2 h before R light treatment (1 mmol m Ϫ2 ). Total RNA (25 ng) from 0, 30, 60, 120, and 240 min of dark incubation after R light treatment was analyzed by semiquantitative reverse transcriptase-mediated PCR. ACT8 and rbcS were used as controls. ing algorithms (Volocity II, Improvision, Coventry, UK) revealed that the EPR1:GFP signal was distributed uniformly within each nucleus (data not shown), in sharp contrast to that for LAF1, a MYB transcription activator showing subnuclear localization to nuclear bodies (Ballesteros et al., 2001) . We also tested whether EPR1 localization was affected by different light conditions in transgenic Arabidopsis plants harboring the EPR1:GFP fusion protein. From these studies, we observed no difference in localization patterns in darkness or in response to R, FR, or blue (B) light irradiation (data not shown), indicating that EPR1 is localized constitutively to the nucleus.
EPR1 Overexpression Results in a Variety of Light-Dependent Phenotypes
To investigate the physiological role of EPR1, we made use of transgenic Arabidopsis plants overexpressing EPR1. From RNA gel blot analysis, we selected two independent transgenic lines showing increased EPR1 levels (EPR1 ox-19 and EPR1 ox-25) and two transgenic lines showing nearly wild-type expression levels (EPR1 ox-2 and EPR1 ox-8) as controls ( Figure 3A ). We subjected both wild-type and transgenic seedlings to various light regimes and recorded phenotypic differences. In terms of hypocotyl elongation, we observed no significant differences between wild-type seedlings and seedlings with increased EPR1 levels upon R, FR, or B light irradiation (data not shown). However, cotyledon-opening characteristics were altered in transgenic seedlings compared with wild-type seedlings (Figure 3B) . At low fluence of intermittent FR light irradiation (25 mol m Ϫ2 ), wild-type cotyledons remain closed; however, both EPR1 ox-19 and EPR1 ox-25 transgenic seedlings with increased EPR1 levels exhibited clear cotyledon opening. EPR1 ox-19 is shown in Figure 3B . To verify that the differences in cotyledon opening between wild-type and EPR1-overexpressing seedlings were statistically significant, we measured the cotyledon angles of wild-type, EPR1 ox-19, and EPR1 ox-25 seedlings in response to increasing fluences of FR light and performed a t test ( Figure 3C ). As can be seen from the P values ( Figure 3C ), the measured angle differences are clearly significant at 23 to 75 mol m Ϫ2 FR light. Furthermore, the FR light-induced cotyledon-opening response in Arabidopsis seedlings clearly was dependent on phyA, because this response was abolished in phyA-deficient seedlings (data not shown). Together, our results suggest that EPR1 is involved in phyAmediated cotyledon opening in Arabidopsis.
We also analyzed the effect of EPR1 overexpression in adult plants. When wild-type and EPR1-overexpressing plants (EPR1 ox-19 and EPR1 ox-25) were grown under long-day (LD) conditions (16 h of light/8 h of dark), we found that EPR1 overexpression resulted in a delay in flowering ( Figure 4A ), and quantitative analysis showed that EPR1-overexpressing plants flowered 5 to 6 days later than wild-type plants ( Figure 4B, LD) . As an internal control, we determined the flowering time of transgenic EPR1 ox-2 and EPR1 ox-8 plants and showed that the time of flowering was not different from that of wild-type plants ( Figure  4A ). In addition, EPR1 overexpression also resulted in a slight delay in flowering under short-day (SD) conditions (8 h of light/ 16 h of dark), as shown in Figure 4B . The delay in flowering under SD conditions was less than that observed under LD conditions (almost overlapping error bars). Although the delay in flowering was not as dramatic as that seen in plants overexpressing CCA1 and LHY (Schaffer et al., 1998; Wang and Tobin, 1998) , these results indicate that EPR1 overexpression causes a slightly altered photoperiod flowering response.
EPR1 Expression follows a Circadian Rhythm and Regulates Its Own Expression in Continuous Light
The disruption of circadian expression patterns in Arabidopsis has been shown to affect photoperiodism. For example, disruption of circadian rhythms by CCA1 and LHY overexpression in Arabidopsis causes a late-flowering phenotype under LD conditions (Schaffer et al., 1998; Wang and Tobin, 1998) . The lateflowering phenotype of transgenic plants exhibiting increased EPR1 levels (Figure 4 ) suggested that EPR1 may be involved in circadian regulation. To test this notion, EPR1 RNA expression dynamics was monitored in wild-type Arabidopsis seedlings. Plants were grown for 14 days under 12-h-light/12-h-dark cycles and then transferred to continuous light (LL) conditions. Plants were harvested every 4 h for 48 h followed by RNA gel blot analysis. This analysis demonstrated that EPR1 exhibited a circadian pattern of expression under LL conditions in wild-type seedlings ( Figure 5A ) but with a peak of expression slightly broader than that of LHY and CCA1 (Schaffer et al., 1998; Wang and Tobin, 1998) . As expected, LHY showed defined peaks of expression at subjective dawn (e.g., at 24 h), whereas EPR1 showed a broader peak of expression up to 4 h after subjective dawn ( Figure 5A , 24 and 28 h). This finding may indicate a distinct phase of expression. Similar circadian rhythmic expression patterns of EPR1 also were observed in continuous darkness (data not shown).
Because oscillatory autoregulatory feedback loops have been found in all circadian clock mechanisms examined to date (Dunlap, 1999) , we examined whether EPR1 regulates its own expression. RNA gel blot analysis of EPR1-overexpressing plants was performed as described above in LL conditions but using the EPR1 3Ј untranslated region as a probe. As can be seen in Figure 5B , EPR1 overexpression resulted in repression of the endogenous EPR1 transcript and loss of rhythmicity. These results demonstrate that EPR1 expression is regulated by the circadian clock in a manner similar to LHY and CCA1 and that EPR1 is part of a regulatory feedback loop.
Constitutive Expression of LHY and CCA1 Causes the Arrhythmic Expression of EPR1, Whereas LHY, CCA1, and TOC1 Are Not Affected by EPR1 Overexpression in Continuous Light
To determine whether the overexpression of known components of the central circadian oscillator affects EPR1 rhythmicity, we analyzed EPR1 expression in LHY-overexpressing plants. Figure 5C shows that EPR1 rhythmic expression was disrupted severely in plants with increased LHY levels in LL conditions. Similarly, EPR1 circadian rhythmicity was disrupted in CCA1-overexpressing plants (data not shown). These findings indicate that EPR1 expression was controlled by the central oscillator mediated by LHY and CCA1.
We further tested whether EPR1 overexpression had any affect on CCA1 and LHY expression in LL conditions. In EPR1-overexpressing plants, both CCA1 and LHY showed wild-typelike circadian rhythmicity ( Figure 5B ), indicating that EPR1 does not influence LHY or CCA1 cycling and that EPR1 probably is not part of the central oscillator. However, to further verify this finding, we analyzed the effect of EPR1 overexpression on TOC1 rhythmicity. In wild-type plants, TOC1 showed circadian oscillations, with peak expression levels coinciding with periods of minimal expression of CCA1, LHY (Strayer et al., 2000) ( Figure 5A ), and EPR1 ( Figure 5A ), whereas in LHY-overexpressing plants, TOC1 rhythmicity was abolished, as expected ( Figure 5C ). In EPR1-overexpressing plants, TOC1 exhibited wild-type-like expression patterns in LL conditions ( Figure 5B ), corroborating our notion that EPR1 is not part of the central oscillator. 
Constitutive Expression of EPR1 Inhibits the Circadian Rhythm of Lhcb
Our data suggest that EPR1 is part of a regulatory circadian feedback loop peripheral to the central oscillator in Arabidopsis. Thus, we analyzed whether the constitutive expression of EPR1 had any effect on known target genes of the clock, such as Lhcb. In wild-type plants, Lhcb showed robust rhythmicity, with peak expression levels delayed by ‫4ف‬ h compared with LHY and CCA1 and delayed only slightly compared with EPR1 peak levels ( Figure 5D ). By contrast, Lhcb rhythmicity was abolished in plants overexpressing LHY ( Figure 5D ). In EPR1-overexpressing plants, Lhcb rhythmicity was inhibited ( Figure  5D ), indicating that the circadian rhythm of Lhcb is partly controlled by the oscillatory behavior of EPR1. Based on these data, EPR1 is a likely component of an oscillator peripheral to the central oscillator in Arabidopsis that is involved in controlling and fine-tuning the circadian rhythms of target genes.
DISCUSSION
There is a close relationship between photoreceptors and the circadian clock (Devlin and Kay, 2001) , and both R and FR light have been shown to be dominant signals involved in the rapid resetting of the clock through the action of phytochromes (Nagy et al., 1993) . Given the observations that several key phytochrome signaling events involve rapid light-dependent nuclear translocation events that ultimately regulate the expression of light-regulated target genes (Møller et al., 2002; Quail, 2002) , it is becoming increasingly important to identify earlyphytochrome-responsive genes. The use of FDD for the isolation of genes that show rapid and minute changes in response to environmental cues has advantages that complement current methods, such as microarray technology, including high sensitivity and the random nature of the technique. Here, we report the successful use of FDD for the isolation of a new R light-induced gene, EPR1, that encodes a component of the circadian clock in Arabidopsis.
EPR1 Represents an Early-Phytochrome-Responsive Gene That Encodes a Novel Member of the MYB Protein Family
EPR1 was predicted to encode a DNA binding protein that is highly similar to the MYB class of transcription factors. This prediction was based on the high similarity with several other reported MYB DNA binding proteins showing the presence of a MYB domain within the N-terminal region ( Figure 1D ). Although most MYB proteins identified in plants contain two or three MYB domain repeats, EPR1 contains only one. In R2R3 tworepeat MYB proteins, both repeats are required for DNA binding, suggesting that single MYB domain proteins, such as EPR1, bind DNA in a unique manner. Although representing a smaller family than the R2R3s, a number of single MYB domain proteins have been identified in plants (Feldbrugge et al., 1997; Wang et al., 1997) . EPR1 is highly similar (70%) to LHY and CCA1, which are both single MYB domain proteins (Wang et al., 1997; Schaffer et al., 1998) . CCA1 has been shown to bind to the promoter element of at least two Lhcb genes in Arabidopsis, and it has been demonstrated that this binding is responsible for its phytochrome responsiveness (Wang et al., 1997) . Furthermore, CCA1 and LHY are components of the circadian central oscillator in Arabidopsis that modulates the circadian rhythms of genes such as Lhcb (Schaffer et al., 1998; Wang and Tobin, 1998) . Recently, through studies with the lhy cca1 double mutant, it was shown that CCA1 and LHY are partially redundant, acting as negative regulators required for the central circadian oscillator function (Mizoguchi et al., 2002) , indicating that single-domain MYB factors do show overlapping functionality.
EPR1 was identified initially based on its rapid induction by a brief pulse of R light ( Figure 1A) , and we have shown that this induction does not require de novo protein synthesis ( Figure  2C ). Although the induction of EPR1 gene expression was very rapid and peaked at 1 h of dark incubation after R light irradia- 
EPR1, LHY, CCA1, and TOC1 levels of expression in wild-type (WT) plants (A), in EPR1-overexpressing plants (EPR1 ox-19) (B), and in LHY-overexpressing plants (C).
Lhcb expression levels were analyzed in wild-type, EPR1-overexpressing (EPR1 ox-19), and LHY-overexpressing (LHY ox) plants (D). All plants were grown under 12-h-light/12-h-dark cycles for 2 weeks and then transferred to LL conditions (time 0). Plants were harvested every 4 h for 48 h, and total RNA isolated and expression levels were determined by RNA gel blot analysis and quantification. rRNA was used as a loading control. tion, the transcript declined rapidly, and after an additional 3 h of dark incubation, the transcript levels were similar to those before light induction ( Figure 1B ). Further analysis also revealed that EPR1 expression was induced rapidly by FR light irradiation and that this induction was abolished in phyA-deficient seedlings (Figure 2A ), indicating that EPR1 gene expression is regulated by phyA. Interestingly, EPR1 expression was induced by low-fluence R light in the absence of phyA, and this induction was repressed by subsequent FR light irradiation ( Figure  2B ), suggesting that EPR1 is regulated photoreversibly by a phytochrome other than phyA, probably phyB. The rapid induction kinetics of EPR1 is reminiscent of LHY and CCA1 expression profiles showing rapid but transient induction by R and FR light irradiation (Schaffer et al., 1998; Wang and Tobin, 1998) . CCA1 induction precedes Lhcb induction by ‫3ف‬ h, consistent with the notion that CCA1 is a mediator of Lhcb gene expression (Wang et al., 1997) . EPR1 induction also precedes Lhcb induction, and it is possible that EPR1 plays a role similar to that of CCA1 in directly regulating the expression of light-regulated genes.
Increased EPR1 Levels Affect Multiple Phytochrome-and Circadian Rhythm-Regulated Processes
In addition to its direct transcriptional role on Lhcb gene expression, CCA1 and probably LHY clearly are not limited to the regulation of Lhcb genes in Arabidopsis. It is evident that both CCA1 and LHY play direct roles in a multitude of physiological and molecular processes that are under the control of the circadian clock, such as hypocotyl growth and photoperiodic responses (Schaffer et al., 1998; Wang and Tobin, 1998) . Although EPR1 is highly similar to CCA1, constitutive overexpression of EPR1 ( Figure 3A) does not result in the loss of hypocotyl growth inhibition, as observed upon CCA1 overexpression (Wang and Tobin, 1998) . This finding indicates that the mode of action of EPR1 is different, at least in part, from that of CCA1 and possibly LHY. In contrast to CCA1-and LHY-overexpressing plants, an increase in EPR1 levels results in accelerated cotyledon opening at low fluences (23 to 75 mol m Ϫ2 ) of FR light irradiation ( Figures 3B and 3C ). This finding is in marked contrast to the effect in wild-type seedlings, which remain fully closed at these fluence levels, showing only partial expansion at considerably higher fluences of FR light (50 mol m Ϫ2 ) ( Figures 3B  and 3C ). As expected, this FR light-induced cotyledon-opening phenotype is dependent on phyA (data not shown). Cotyledon opening in wild-type Arabidopsis is controlled by multiple photoreceptors, as shown when grown under white light (Neff and Chory, 1998) , demonstrating the complex nature of this response. It is interesting that increased levels of a single MYB protein can affect such a complex pathway, which may indicate that EPR1 is involved in the regulation of several genes, as observed for CCA1 and LHY (Schaffer et al., 1998; Wang and Tobin, 1998) .
Physiological studies have demonstrated that the circadian clock is involved in photoperiodism (Thomas and Vince-Pruce, 1997) , and several circadian rhythm mutants have been shown to affect photoperiod perception (Hayama and Coupland, 2003) . Transgenic plants with constitutive overexpression of CCA1 or LHY display a severe late-flowering phenotype under LD conditions (Schaffer et al., 1998; Wang and Tobin, 1998) but only a partial late-flowering phenotype under SD conditions (Green et al., 2002) , suggesting a disruption in the circadian rhythm involved in photoperiodism. Our studies reveal that EPR1 overexpression results in a delay in flowering under LD (16 h of light/8 h of dark) and SD (8 h of light/16 h of dark) conditions ( Figure 4A ), although the flowering delay under SD conditions was less pronounced. The apparent late-flowering phenotype observed under SD conditions was similar to that observed for transgenic plants overexpressing CCA1 under SD conditions (Green et al., 2002) . However, as a result of the weaker flowering phenotype of EPR1-overexpressing plants under LD conditions compared with CCA1-overexpressing plants, the SD flowering delay in Figure 4B appears more marked. The less severe flowering phenotype of EPR1-overexpressing plants under LD conditions suggests that the EPR1 slave oscillator probably controls a subset of circadian rhythmregulated processes to varying degrees, as suggested for AtGRP7 (Heintzen et al., 1997) . Our results suggest that as with CCA1 and LHY, EPR1 may be involved in regulating photoperiod responses, although to a lesser extent. The control of flowering time in Arabidopsis is dependent on sensing photoperiods, and it has been shown to be dependent on several photoreceptors: phyA-deficient plants flower late under LD conditions (Reed and Chory, 1994) , phyB-deficient plants flower early (Reed et al., 1996) , and cry2-deficient plants flower late under LD conditions (Koornneef, 1991) .
EPR1 Is a Component of a Slave Oscillator in Arabidopsis
The rapid R and FR induction of EPR1 coupled with the lateflowering phenotype of EPR1-overexpressing plants suggested that EPR1 might be regulated by and function as part of the circadian clock. In wild-type plants, EPR1 exhibited clear circadian rhythmicity under continuous light conditions, with peak expression levels occurring at subjective dawn ( Figure 5A ). Although similar to CCA1 and LHY, EPR1 showed a slightly longer peak duration (up to 4 h after subjective dawn), suggesting that EPR1 cycles with a slightly different phase than CCA1 and LHY ( Figure 5A ). Multiplex reverse transcriptase-mediated PCR analysis further corroborated these findings, showing a slight shift in the cycling phase (data not shown). This out-ofphase relationship and the existence of three CCA1 recognition motifs (AAAATCT) in the 5Ј regulatory region of EPR1 suggested that CCA1 (and/or LHY) might be involved in mediating EPR1 oscillations (Figure 6 ). Because light induction of EPR1 does not require de novo protein synthesis ( Figure 2C ), it is probable that light induction and the circadian regulation of EPR1 involve different transcription factors: LHY and CCA1 may mediate the rhythmic expression of EPR1 but may not be required for its induction by light.
The constitutive overexpression of EPR1 results in a complete suppression of the endogenous EPR1 transcript, suggesting that EPR1 can feedback repress its own expression, which could be responsible for the trough levels during normal EPR1 circadian oscillations in wild-type plants ( Figure 5B ). This feedback repression probably is mediated by direct tran-scriptional regulation; however, it is possible that this occurs post-transcriptionally, as observed for AtGRP7 (Staiger et al., 2003b) .
The findings that EPR1 shows circadian expression patterns and regulates its own expression suggested that EPR1 may be part of an oscillator function. It has been established that LHY and CCA1 are central oscillator components (Figure 6 ) and that they act, at least in part, redundantly in mediating circadian oscillations (Schaffer et al., 1998; Wang and Tobin, 1998; Mizoguchi et al., 2002) . We have shown that EPR1 rhythmicity is abolished in plants that overexpress LHY ( Figure 5C ), demonstrating that EPR1 rhythmicity is mediated by the central oscillator. LHY and CCA1 also have been shown to negatively regulate TOC1 in the circadian central loop (Alabadi et al., 2001) ; however, EPR1 does not seem to be part of the central oscillator, because EPR1 overexpression does not disrupt the circadian rhythmicity of LHY or CCA1 ( Figure 5B ). TOC1 acts as a positive regulator of LHY and CCA1 expression to ensure high levels at dawn (Alabadi et al., 2001) , and it is possible that TOC1 regulates EPR1 levels. This situation is similar to that observed for AtGRP7 in Arabidopsis, in which it has been proposed that AtGRP7 receives information from the central oscillator through TOC1 (Millar et al., 1995) and acts as part of a slave oscillator to regulate a subset of clock-controlled transcripts (Heintzen et al., 1997) . Our finding that EPR1 overexpression does not disrupt TOC1 rhythmicity ( Figure 5B ) further verified the idea that EPR1 is not part of the central oscillator loop in Arabidopsis but probably is part of a slave oscillator (Figure 6 ).
LHY and CCA1 ultimately mediate the circadian oscillation of target genes such as Lhcb (Wang and Tobin, 1998) , and we predicted that EPR1 overexpression would result in changes in Lhcb expression profiles. We have shown that constitutive expression of EPR1 results in the inhibition of Lhcb rhythmicity ( Figure 5D ) but that the effect is not as dramatic as that observed upon LHY overexpression. This result is consistent with our hypothesis that EPR1 is part of a slave oscillator that mediates the oscillation of target genes ( Figure 6 ).
Concluding Remarks
The current circadian clock model in plants still needs refining. Although a convincing relationship between the input and output pathways and the central oscillator has been proposed, the interaction between these different components remains illdefined. It has been demonstrated that the output pathway can feed back into the central oscillator and moreover that components involved in the clock input also oscillate (Harmer et al., 2000) . In addition, core components of the central oscillator have been shown to have added levels of complexity. For example, CCA1 loss-of-function plants show Lhcb oscillation with a shorter period, indicating that additional factors are involved in mediating rhythmicity (Green and Tobin, 1999) . These observations suggest that the central circadian clock loop has additional levels of regulation ( Figure 6 ). This notion is emphasized by data suggesting that TOC1 has a dual role in darkness and in controlling clock outputs (Mas et al., 2003) . It is becoming clear that that the central oscillator framework in Arabidopsis probably has multiple positive and negative feedback loops that contribute to the circadian oscillations derived from the central oscillator. Indeed, interconnected circadian feedback loops clearly are present in Drosophila and mammals (Glossop et al., 1999; Shearman et al., 2000) . The results presented here suggest that the nucleuslocalized phytochrome-induced EPR1 MYB protein represents one component of such a slave oscillator in Arabidopsis involved in the fine-tuning of rhythmic behavior in plants.
METHODS
Plant Material and Growth Conditions for Fluorescent Differential Display Screening
Arabidopsis thaliana (Landsberg erecta) wild type together with phyA-201 (Nagatani et al., 1993) , phyB-1 (Reed et al., 1996) , and the phyA-201 phyB-1 double mutant (Hamazato et al., 1997) were used for all experiments described unless stated otherwise. Seeds were plated onto filter paper placed on top of 20% MS solid medium (Murashige and Skoog, 1962) supplemented with 0.6% sucrose and then exposed to far-red (FR) light (25 mol m Ϫ2 ) for 10 min to inhibit dark germination. Wild-type, phyA-201, and phyB-1 seeds were transferred subsequently to 23 Ϯ 1ЊC in darkness for 16 h, exposed to red (R) light (30 mol m Ϫ2 ) for 8 h to induce germination, and then kept in total darkness at 23 Ϯ 1ЊC for 5 days. Seeds of the phyA-201 phyB-1 double mutant were sown and incubated under continuous white light (12 W m Ϫ2 ) for 60 h to induce germination. The germinated seedlings were kept in total darkness at 23 Ϯ 1ЊC for 3.5 days. Light induces CCA1 and LHY expression at dawn, which in turn leads to TOC1 repression by the direct action of CCA1 and LHY. During the course of the day, CCA1 and LHY relieve TOC1 repression, leading to TOC1 accumulation during the night phase, which ultimately results in the activation of CCA1 and LHY at dawn. EPR1 is induced by light and EPR1 rhythmicity is regulated by the central oscillator, possibly through the action of CCA1/LHY (dashed arrow). EPR1 is capable of regulating its own expression, forming a slave oscillator. EPR1 also mediates Lhcb rhythmicity and may be involved in the fine-tuning of specific output rhythms.
Light Treatment
Etiolated 6-day-old seedlings were irradiated with a pulse of R light and then returned immediately to darkness. At 0, 30, and 60 min after R light irradiation, seedlings were harvested and quickly frozen in liquid nitrogen. R light was obtained by filtering light from white fluorescent tubes [FL20SSW/18(G); Hitachi, Tokyo, Japan] through a 3-mm-thick red acrylic plate (Shinkolite A102; Mitsubishi Rayon, Tokyo, Japan). FR light was obtained by filtering light from far-red fluorescent tubes (FL20S.FR-74; Toshiba, Tokyo, Japan) through a 3-mm-thick far-red acrylic plate (Deraglass 102; Asahikasei, Tokyo, Japan). Fluence rates were measured with an Optical Power Meter (1830-C; Newport Co., Irvine, CA).
Fluorescent Differential Display
Total RNA was extracted from etiolated seedlings by the phenol/SDS/ LiCl method (Verwoerd et al., 1989) and then treated with RNase-free DNase (Ambion, Austin, TX) for 30 min. Fluorescent differential display (FDD) was performed as described previously (Kuno et al., 2000) . Firststrand cDNAs were synthesized from each total RNA preparation (2.5 g) using three different Texas Red-labeled 3Ј-anchored oligo(dT) primers (5Ј-Texas Red-GT 15 G-3; Nissibo, Tokyo, Japan) and a SuperScript Preamplification System (Gibco BRL, Rockville, MD). cDNAs produced from 25 ng of total RNA were amplified by PCR using combinations of Texas Red-labeled anchored oligo(dT) and arbitrary 10-mer primers (Kits B, D, F, and X; Operon Technologies, Alameda, CA). PCR was performed as follows: 94ЊC for 3 min, 40ЊC for 5 min, and 72ЊC for 5 min followed by 24 cycles of 94ЊC for 15 s, 40ЊC for 2 min, and 72ЊC for 1 min, with an additional extension step at 72ЊC for 5 min. Electrophoresis and detection of the PCR products were performed with an automated fluorescent DNA sequencer (SQ5500; Hitachi).
For the isolation of cDNAs of interest, preparative electrophoresis was performed and the FDD patterns visualized by a fluorescent image analyzer (FMBIO II Multi-View; Takara, Shiga, Japan). The gel on the glass plate was laid over the printed FDD image, and the bands of interest were excised. The cDNAs were eluted into distilled water and then amplified by PCR using the appropriate pairs of primers. Reamplification products were purified with a PCR purification kit (Qiagen, Chatsworth, CA) and subcloned into the pGEM-T vector (Promega, Madison, WI).
Measurement of Transcript Levels
RNA gel blot analysis was performed as described previously (Kuno et al., 2000) . To detect EPR1 mRNA, a 338-bp PCR fragment, corresponding to the region of the EPR1 gene not containing the MYB domain, was used to prepare high-activity 32 P-labeled probes synthesized by linear PCR amplification. Transcript sizes were determined by comparing electrophoretic mobility with those of RNA standards (0.16-to 1.77-kb RNA ladder; Gibco BRL).
For circadian expression experiments, wild-type, LHY-ox, CCA1-ox, and EPR1-ox plants were grown under 12-h-light/12-h-dark cycles for 2 weeks, transferred to continuous light (LL) conditions, and then subjected to total RNA extraction every 4 h for 48 h. RNA gel blots containing 15 g of total RNA were hybridized with 32 P-labeled probes amplified by PCR from first-strand cDNA using the following primer combinations: EPR1, EPR1-forward(F) (5Ј-CGCGGAAGAATCTCACAAACCAT-3Ј) and EPR1-reverse(R) (5Ј-CATCTGAAGCTACCAGCGTCAATGA-3Ј); CCA1, CCA1-F (5Ј-TTCACGGGAGGGAAGTCAGA-3Ј) and CCA1-R (5Ј-CGG-GAGGCCAAAATGATGAGC-3Ј); LHY, LHY-F (5Ј-CGCGGTTCAAGA-TGTTCCCAAGA-3Ј) and LHY-R (5Ј-CTGTAGCAGCGGCAATGGCAG-TT-3Ј); EPR 3Ј untranslated region, EPR1-3Ј-L (5Ј-TTTAGCCATTGT-ACAGTTTGGAGTC-3Ј) and EPR1-3Ј-R (5Ј-TCTTCTTAACGTGAGACA-GCAGG-3Ј); TOC1, TOCF (5Ј-TGATTCCACGAGTTTGGGAGA-3Ј) and TOCB (5Ј-TGTGGGTTGGTGGACCTAAGA-3Ј); and Lhcb, CAB5 (5Ј-CTCTCACTCACAAGTTAGTCATA-3Ј) and CAB3 (5Ј-GCAACAGTCTTC-CTCATTGTCA-3Ј). Hybridized membranes were exposed to x-ray film, stripped, and reprobed. All circadian experiments were performed in duplicate. Quantification of band intensities was performed using ImageQuant Software (Molecular Dynamics, Sunnyvale, CA) Construction and Screening of a cDNA Library cDNA was prepared from poly(A) RNA isolated from young Arabidopsis seedlings grown under continuous white light conditions for 7 days. The plasmid cDNA library was constructed using the SuperScript plasmid system (Gibco BRL) according to the manufacturer's protocol. A fulllength cDNA clone corresponding to the CB18-490 fragment was screened using the CloneCapture cDNA Selection Kit (Clontech, Palo Alto, CA) and the FDD fragment as a probe according to the manufacturer's protocol.
Nuclear Localization Analysis
Full-length EPR1 cDNA was amplified by PCR from pSPORT1-EPR1 using Pwo polymerase (Boehringer Mannheim) incorporating a unique XhoI restriction site immediately upstream from the translational start codon (5Ј-ATCTCGAGATGGCCGCTGAGGATCGAAGTGAGG-3Ј) and a unique KpnI restriction site immediately upstream from the termination codon (5Ј-ATGGTACCGCATATACGTGCTCTTTGG-3Ј). The amplified fragment was cloned into pPCR-SCRIPT (Stratagene), subjected to DNA sequencing, and subcloned into pGFP2 (Kost et al., 1998) to generate an EPR1:GFP translational fusion cassette under the control of the 35S promoter of Cauliflower mosaic virus. The resulting construct, pGFP-EPR1, was bombarded into onion epidermal cells, and GFP fluorescence was visualized using epifluorescence and a Zeiss LSM410 inverted confocal microscope (Jena, Germany). Nuclei were visualized using 4Ј,6-diamidino-2-phenylindole and UV light illumination.
Plant Transformation and Analysis of Transgenic Plants
For in planta nuclear localization and overexpression analysis, the CaMV35S-EPR1:GFP cassette was cloned into the promoterless binary vector pBA002a (Kost et al., 1998) and transformed into Arabidopsis ecotype Columbia by vacuum infiltration (Clough and Bent, 1998) . Primary transformants were selected on MS solid medium containing 10 mg/L phosphinothricin (Reidel-de Haen AG, Seelze, Germany) and selffertilized. T2 seeds were collected and used for further analysis.
Cotyledon Opening and Flowering Time Experiments
Seeds of the wild type, transgenic lines, and phy mutants were plated on agar plates (10% MS medium with 0.7% [w/v] agar) and kept at 4ЊC for 3 days. The plates were transferred to 23ЊC and irradiated with intermittent FR light (10 s of FR light and 170 s of darkness) for 7 days with a light-emitting diode irradiation system (Shinomura et al., 2000) . The photon fluence of FR light for each pulse was 23 to 100 mol m Ϫ2 . Cotyledon opening of ‫001ف‬ independent seedlings was observed, and the cotyledon angles were measured using a custom-made imaging system and analysis software.
For the determination of flowering time, Arabidopsis plants were sown on soil and grown under long-day (16 h of light and 8 h of dark) and short-day (8 h of light and 16 h of dark) conditions. Flowering time was measured by the duration from germination to bolting when the plant had a bolt of 1 cm.
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